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ABSTRACT
The electromagnetic counterpart to the Galactic center supermassive black hole, Sgr A*, has been
observed in the near-infrared for over 20 years and is known to be highly variable. We report new
Keck Telescope observations showing that Sgr A* reached much brighter flux levels in 2019 than ever
measured at near-infrared wavelengths. In the K′ band, Sgr A* reached flux levels of ∼ 6 mJy, twice
the level of the previously observed peak flux from > 13, 000 measurements over 130 nights with the
VLT and Keck Telescopes. We also observe a factor of 75 change in flux over a 2-hour time span with
no obvious color changes between 1.6 µm and 2.1 µm. The distribution of flux variations observed
this year is also significantly different than the historical distribution. Using the most comprehensive
statistical model published, the probability of a single night exhibiting peak flux levels observed this
year, given historical Keck observations, is less than 0.3%. The probability to observe the flux levels
similar to all 4 nights of data in 2019 is less than 0.05%. This increase in brightness and variability
may indicate a period of heightened activity from Sgr A* or a change in its accretion state. It may
also indicate that the current model is not sufficient to model Sgr A* at high flux levels and should be
updated. Potential physical origins of Sgr A*’s unprecedented brightness may be from changes in the
accretion-flow as a result of the star S0-2’s closest passage to the black hole in 2018 or from a delayed
reaction to the approach of the dusty object G2 in 2014. Additional multi-wavelength observations
will be necessary to both monitor Sgr A* for potential state changes and to constrain the physical
processes responsible for its current variability.
Keywords: black hole physics, Galaxy: center, techniques: high angular resolution
1. INTRODUCTION
The Galactic center hosts the closest supermassive
black hole to the Earth, offering us a unique opportu-
nity to study in detail the physical processes that oc-
cur in its vicinity. The Galactic black hole, Sgr A*,
has been monitored extensively across many wavelength
regimes (e.g., Balick & Brown 1974; Falcke & Markoff
2000; Baganoff et al. 2001; Hornstein et al. 2002; Yusef-
Corresponding author: Tuan Do
tdo@astro.ucla.edu
Zadeh et al. 2006; Marrone et al. 2008; Sabha et al. 2010;
Neilsen et al. 2013; Bower et al. 2015; Rauch et al. 2016;
Capellupo et al. 2017; Ponti et al. 2017; Gravity Collab-
oration et al. 2018) For recent reviews see Genzel et al.
(2010) and Morris et al. (2012). These observations have
shown that the source luminosity is 9 orders of magni-
tude below the Eddington luminosity and is highly vari-
able (Narayan et al. 1998; Quataert et al. 1999; Quataert
& Gruzinov 2000a,b; Dodds-Eden et al. 2009; Eckart
et al. 2012; Yusef-Zadeh et al. 2012; Haubois et al. 2012;
Mossoux et al. 2016; Dibi et al. 2016; Ponti et al. 2017).
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Observations of Sgr A* in the near-infrared are an ef-
fective way to monitor the variability of the black hole.
First detected with adaptive optics (AO) images in 2003
(Genzel et al. 2003; Ghez et al. 2004, 2005), recent re-
analysis of speckle imaging data has enabled detections
of Sgr A* back to 1998, establishing a time baseline
across 2 decades (Chen et al. submitted). The near-
infrared flux variations have been characterized as a red
noise process that is correlated in time (e.g., Do et al.
2009). There have been several proposed models of the
distribution of flux values over time: a single power-law
model, a log-normal model (Witzel et al. 2012), a log-
normal model with an additional tail at higher flux levels
(Dodds-Eden et al. 2011), and a log-log normal distribu-
tion (Meyer et al. 2014). Recently, based on a compre-
hensive analysis of over 13,000 observations from histor-
ical AO data (2003–2014) from the Keck Telescopes and
VLT and space data at 4.5 µm from Spitzer (2014–2017),
Witzel et al. (2018) found that the variability of Sgr A*
in the near-infrared can be consistently described as a
red-noise process with a single log-normal distribution
for the flux variations. Chen et al. (submitted) found
that the model from Witzel et al. (2018) is also consis-
tent with speckle data from the Keck Telescopes from
1995–2005.
While historical near-infrared observations can all be
fit with a single model, Sgr A* has the potential to
greatly change its luminosity and variability. For ex-
ample, observations of X-ray light echos from 6.4 keV
iron line emission suggest that in the past few hundred
years, Sgr A* may have undergone a few relatively brief
(up to ∼10 yr) luminosity excursions by factors up to
105 (e.g., Koyama et al. 1996; Clavel et al. 2013; Terrier
et al. 2018). In addition, the environment around Sgr
A* is very dynamic, with stars and other objects passing
near the black hole, which may affect its accretion flow.
In 2018, the star S0-2 reached within 100 AU of the
black hole. Also, in recent decades, two dusty objects
(G1 & G2) have shown signs of tidal interaction with
the black hole (e.g. Gillessen et al. 2012; Phifer et al.
2013; Eckart et al. 2013; Witzel et al. 2014; Pfuhl et al.
2015; Witzel et al. 2017; Plewa et al. 2017; Gillessen
et al. 2019). There have been numerous suggestions that
these sources may deposit gas or alter the accretion onto
Sgr A*, changing its luminosity and accretion state (e.g.
Loeb 2004; Schartmann et al. 2012).
Here, we report new Keck Telescope near-infrared ob-
servations of Sgr A* in 2019. These observations show
unusually bright flux levels and variability, with peak
fluxes exceeding twice the maximum historical flux mea-
surements. In Section 2 we present the observations.
Section 3 presents the light curves and analyses. Section
4 presents comparisons with the historical data, compar-
isons with models, and discussion of potential physical
explanations for these observations. We conclude in Sec-
tion 5.
2. OBSERVATIONS
We observed the Galactic center on 4 nights in 2019
with the Keck 2 Telescope using the narrow camera in
the Near-Infrared Camera 2 (NIRC2) instrument with
the Laser-guide Star Adaptive Optics (LGS AO) sys-
tem (Wizinowich et al. 2006). We include all available
2019 observations from Keck having sampling duration
> 20 min and high enough image quality (full-width
half-maximum < 100 mas) to detect Sgr A*. We use
the K′ filter (2.12 µm) on 3 nights and a combination
of K′ and H-band (1.64 µm) filters on 1 night (Table 1).
Individual K′ images consist of 10 coadds of 2.8 s inte-
gration time each, while the H-band images consist of 4
coadds of 7.4 s each. On 2019 May 13, the observations
alternated between 6 frames of K′ images and 6 frames
of H-band images, for a total of about 6 minutes spent on
each filter before switching. Images centered on Sgr A*
are shown in Figure 1. Standard image reduction meth-
ods were applied to the images including flat-fielding,
sky subtraction, and cosmic-ray removal (e.g. Jia et al.
2019).
We extracted photometry for point sources in each in-
dividual image to construct light curves of Sgr A* and
calibration stars. The brightness and position of all
sources were measured using the PSF-fitting software
StarFinder (Diolaiti et al. 2000). Details on running
StarFinder on individual frames for Galactic center ob-
servations can be found in Do et al. (2009). Sgr A* is de-
tected in almost every frame of observations on 3 nights.
There are fewer detections of Sgr A* on 2019 May 19
due to lower-quality AO correction and faint flux levels
for Sgr A*. We calibrate the point source photometry
using reference stars defined by Gautam et al. (2019).
We convert between K′ magnitudes to absolute fluxes
F, using the relationship FK′ = 6.86× 105 × 10.0−0.4K′
mJy (Tokunaga & Vacca 2005). To convert from K′
fluxes to Ks fluxes, we use the filter transformation
FKs = 1.09FK′ computed for the color of Sgr A* (Chen
et al. submitted). We will mainly use observed fluxes
in this work to avoid confusion with the value of extinc-
tion to apply. To de-redden the flux measurements, one
can use the relationship Fderedden = Fobs × 100.4AKs .
To compare to fluxes from (Witzel et al. 2012), use
AKs = 2.46 (Scho¨del et al. 2010).
We estimate the Sgr A* relative photometric uncer-
tainties by using the relationship between flux level and
flux uncertainty of nearby stars. The photometric uncer-
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Figure 1. Top: A series of K′ images taken on 2019 May 13 centered on Sgr A* showing the large variations in brightness
throughout the night. The first image is the brightest measurement ever made of Sgr A* in the near-infrared. Also labeled are
nearby stars S0-2 (K′ = 14 mag) and S0-17 (K′=16 mag) for comparison. Bottom: K′ (black) and H-band light curves of Sgr
A* from 2019 May 13. On this night, we alternated between H and K′ observations. The H-band magnitudes are offset using
H−K′ = 2.45 mag. There appear to be no significant color changes during the large change in brightness. Red circles show the
location of the 4 images in the panels above.
tainties for stars on each night were determined by using
the standard deviation of their individual flux measure-
ments. We find that the reference stars are stable during
the nights with < 3% photometric errors. Following Do
et al. (2009), we fit a power-law to the relationship be-
tween flux level and flux uncertainty for stars within 1′′
of Sgr A*. We then use this relationship to infer the flux
uncertainty for the all flux measurements of Sgr A*. The
Sgr A* relative photometric uncertainties are typically
less than 5% at high flux levels and about 15% for faint
flux values.
3. RESULTS
Our observations show Sgr A* to be highly variable
in 2019. On 2019 May 13, Sgr A*’s flux level changed
by a factor of 75 within 2 hours (from 6.19 ± 0.08 mJy
to 0.08± 0.01 mJy). The maximum observed fluxes oc-
curred during the beginning of the observations, sug-
gesting that Sgr A* was likely even brighter earlier in
the night. On the night of 2019 April 20, Sgr A* flux
also shows large variations with measurements ranging
from 1.74± 0.04 mJy to 0.07± 0.01 mJy. The two other
nights of our study (2019 April 19 and 2019 May 23)
show less variation at the level of 1 to 3 magnitudes of
change during the night. Figures 1, 2 and 3 show the
observed light curves.
Observations on 2019 May 13 also include H-band ob-
servations, which allows us to constrain the H−K ′ color
of Sgr A* on this night. We find that the H-band and
K′ light curves can be matched using a color of H −K ′
= 2.45 mag. With this color shift, the H-band and K′
points generally transition smoothly between the two fil-
ters. The exception may be during the large drop in flux
at 11:42 UT. While out of the scope of this paper, we
plan to characterize possible color changes during this
night in a future work (Witzel et al. in prep).
In addition to high flux values, two of the nights
also show large drops in brightness over very short time
scales. On 2019 May 13 at around 11:42 UT, the bright-
ness of Sgr A* dropped from K′ = 14.5 mag to K′ = 15.8
mag, a factor of 3 in flux, within 7 min. An even larger
change occurred on 2019 May 23 12:15 UT, when Sgr
A*’s brightness changed from K′ = 15.2 mag to K′ =
17.6 mag, a factor of 9 in flux, within 2 min (corre-
sponding to a light travel of ∼3 Schwarzschild radii for
a 4× 106 M black hole).
4. DISCUSSION
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Table 1. Near-Infrared Sgr A* Observations
Date (UT) Nobs Duration Max Fobs
a Min Fobs Max Fderedden
b Min. Fderedden
(min) (mJy) (mJy) (mJy) (mJy)
2019-04-19 35 147 0.48± 0.04 0.09± 0.01 4.6 0.85
2019-04-20 152 87 1.74± 0.04 0.07± 0.01 16.7 0.65
2019-05-13c 82 149 6.19± 0.08 0.08± 0.01 59.6 0.79
2019-05-23 109 213 0.70± 0.02 0.05± 0.01 6.7 0.48
aObserved fluxes are converted from K′ to Ks filter.
bFluxes are dereddened using an extinction of AKs = 2.46 mag.
cH-band observations are also made this night (Fig. 1).
Figure 2. K′ light curves of Sgr A* (black) and a compar-
ison star, S0-17 (white, located about 0.2′′ from Sgr A*),
on 4 nights of observations in 2019. We use stars within 1′′
of Sgr A* to characterize the photometric error at different
Sgr A* brightness levels. The photometric uncertainties are
typically less than 5% at high flux levels.
The Sgr A*-IR observations presented here show peak
flux levels that are unprecedented compared to the his-
torical data. We use the distribution of flux variations
from Witzel et al. (2018), which includes data spanning
10 years and over 13,000Ks flux measurements of Sgr A*
from Keck and VLT (over 130 nights), to compare with
the observations in 2019. The observations reported in
Witzel et al. (2018) were made with integration times
between 28-40 s per measurement. The observations
reported by Chen et al. (submitted) increase this time
baseline to over 20 years. We find that the peak flux
levels from 2019 May 13 exceed the maximum observed
historical flux (3 mJy) by a factor of 2 (Figs. 3 & 4).
On 2019 April 20, the peak flux levels are brighter than
99.7% of all historical data points.
We also find the flux variations observed during the
4 observing periods in 2019 to be significantly different
than in the historical data from Witzel et al. (2018). Us-
ing a two-tailed Kolmogorov-Smirnov (KS) test, we find
a KS-statistic of 0.146, which corresponds to a proba-
bility of  0.01% that a randomly drawn dataset based
on the historical Sgr A*-IR distribution will produce a
KS-statistic as extreme as, or more extreme than, the
KS value derived when comparing the distribution of
flux variations observed in 2019. The Anderson-Darling
statistic (Scholz & Stephens 1987), which is more sen-
sitive to the tails of the distribution has a value of 57.
This also corresponds to a probability  0.01% that
a randomly drawn dataset based on the historical Sgr
A*-IR distribution will produce such a statistic.
To better understand the variability of Sgr A* we use
the statistical model of Witzel et al. (2018) to assess the
probability of observing light curves similar to the 4 pre-
sented here. We use the Witzel et al. (2018) model for
comparison because: (1) this model can accommodate
the temporal correlation in the flux of Sgr A*, which
is crucial for statistical analyses and Monte Carlo sim-
ulations (e.g., Do et al. 2009), and (2) this model was
created using the largest sample of near-infrared data
to date. The correlation of Sgr A*’s flux with time has
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Figure 3. Light curves of Sgr A* (black) obtained in 4 nights of observations in 2019 in observed flux units (in the Ks filter).
Dashed lines show the percentage of fluxes fainter than that level from historical data – the 100% line shows the maximum
previously flux observed (Dodds-Eden et al. 2011; Witzel et al. 2018). 2019 May 13 shows flux levels exceeding the maximum
historical data by a factor of 2, while 2019 April 20 show flux levels exceeding 99.7% of previous observations. The light curve
from 2019 May 13 falls linearly with time beginning with the first measurement. It likely that the peak flux level was even
higher at earlier times.
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Figure 4. Comparison of the distribution of Sgr A* flux
variations from 2019 (black line) with the historical distri-
bution (grey) from Witzel et al. (2018). Both distributions
have been normalized to compare their shape and peaks.
The bottom figure is a zoomed-in version of the top figure
to show the tail of the distributions. A two-tailed KS-test
shows that it is very unlikely for the two distributions to be
drawn from the same underlying probability distribution.
an important consequences: the brighter Sgr A* is, the
larger the changes in flux density will be. If Sgr A* is al-
ready at an elevated flux density level, the probability to
observe an even brighter state is much larger than the
time-averaged probability for such a bright state. For
continuous samples with a monitoring duration not sig-
nificantly longer than the correlation timescale (∼ 245
min), this can result in large deviations of the sample
distribution of flux densities from the underlying distri-
bution. In order to investigate the consequences of the
flux correlations in time, we use the simulation approach
presented in Witzel et al. (2018). We use the posterior of
their model 3, i.e., a log-normally distributed, red-noise
process with a characteristic break timescale that suc-
cessfully describes the historic VLT and Keck data in K-
band and eight full days of Spitzer/IRAC data at 4.5µm.
From this posterior distribution, we sample 10,000 pa-
rameter combinations and generate one random light
curve with the time sampling of the observed Keck data
(∼ 30 nights of historical data and 4 nights of 2019 data)
for each parameter set. We present the complementary
cumulative distribution function (CCDF, or 1 - CDF)
of these 10,000 light curves in Fig. 5 in the form of the
median CDF and 1-,2-, and 3-sigma credible intervals.
Based on simulations drawn from the Sgr A* flux
model, we can compute the probability of observing the
light curves presented here. The simulations show that
if we repeated our experiment 10,000 times with the
time sampling of the 30 nights of historical Keck ob-
servations (from 2005–2013) of Sgr A*, and including
the 2019 nights, there is a 0.3% probability that we ob-
serve a single night with flux levels as high as seen on
2019 May 13. These simulations are the most consistent
with our current observations because they have very
similar noise properties, observed duration, and timing.
If we also include VLT nights for a total of over 130
nights, then the probability is less than 1.5% to observe
flux values higher than 6.18 mJy on a single night. We
can also consider the probability of randomly drawing
4 light curves similar to the observations in 2019. This
probability is considerably lower at less than 0.05%. We
also note that we have only observed the decay of the
light curve on 2019 May 13, which suggests the actual
maximum was likely even higher (Fig. 3).
Here we examine two possibilities for explaining the
very unusual brightness and variation of Sgr A* observed
this year: (1) the statistical models need to be changed
or updated, and (2) there is a physical change in the
accretion activity of Sgr A*. Based on the statistical
model of Witzel et al. (2018), with the four nights of
observations, there is a probability of less than 0.05%
to observe flux levels > 6 mJy. The long tail of high
flux levels, which occurred on multiple nights observed
this year, is a strong indication that a log-normal distri-
bution of flux variations may not be sufficient to de-
scribe the IR activity of Sgr A*. Before these 2019
observations, Witzel et al. (2018) had shown that the
NIR spectral properties at low flux densities can be ex-
plained by log-normally distributed flux densities in K-
and M-band, though Dodds-Eden et al. (2011) had sug-
gested including an additional component to describe
high flux levels. Before this year, the highest flux levels
deviated from the median model expectation by only
< 2σ (Witzel et al. 2018); the observations this year
suggest the model should be re-derived to include the
new data to determine if an additional component in
the model is required. Most models also assumes Sgr
A* is stationary (with no time dependence in the model
parameters). With additional measurements, it will be-
come possible to robustly differentiate between changes
in the physical state of Sgr A* and a stationary model
(e.g. Dodds-Eden et al. 2011; Meyer et al. 2014). We can
also study potential changes in the activity of Sgr A* in
the past several years by including data from Keck and
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Figure 5. Top: Comparison of the complementary cumula-
tive distribution function (CCDF) of the observed data (his-
torical data and 2019 data; black) and the median CCDF
(dashed blue line) and the 1-, 2-, and 3-sigma contours calcu-
lated from 10,000 simulations. The simulations were drawn
from the posterior in Witzel et al. (2018). The dashed sec-
tion of the observed CCDF represents flux densities which
occurred only during the brightest flux excursion on 2019
May 13. These simulations show that if we repeated the en-
tire experiment with the time sampling of 30 historical nights
of Keck observations 10,000 times, then the probability of
observing a single night with flux levels as high as 6 mJy
is less than 0.3%. Bottom: like upper panel but contours
determined from simulations based only on the time sam-
pling of the 4 nights in 2019. Because 3 of the 4 nights have
elevated Sgr A* flux levels, if an experiment with 4 nights
of observations were repeated 10,000 times, the probability
of observing Sgr A* flux levels similar to the nights in 2019
would be less than 0.05%.
VLT from 2014-2018 into an analysis similar to that of
Witzel et al. (2018), which was based on data from 2003
to 2013. With additional data, we can also re-examine
the timing characteristics and break-time scale for light
curves observed this year to look for deviations from the
current model (e.g. such as a shorter break-time scale)
and to better understand the time evolution of accretion
on Sgr A*.
Another possibility is that these observations are an
indication that Sgr A* is experiencing an increase in
activity due to either a change in its accretion state
or accretion rate. As mentioned above, the passage of
windy stars through their periapses (most notably, S0-
2, in May 2018) could potentially cause an extended
rise in the accretion rate (Loeb 2004), although Ressler
et al. (2018) argue that the effect of S0-2 on the struc-
ture of the accretion flow should be negligible. The S-
star cluster has no known stars more massive than S0-2,
so there are not any obvious high-mass-loss-rate candi-
date sources close to Sgr A*, including mass-losing giant
stars. An alternative mechanism for causing an accre-
tion rate increase is simply the irregular gas flow toward
SgrA*, which is likely to be quite lumpy and variable
(Cuadra et al. 2008). Considerable work has recently
been applied to this possibility by those interpreting the
G sources as gas clumps orbiting toward Sgr A* (e.g.,
Schartmann et al. 2012; De Colle et al. 2014; McCourt
et al. 2015). Among them, Kawashima et al. (2017)
predicted a radio and infrared brightening in the ∼2020
time frame.
We predict that if the activity level of Sgr A* is indeed
higher, then observations at other wavelengths should
also show increased flux levels. Witzel et al. (2018) can
explain the log-normal nature of lower near-infrared flux
densities by a radiative model that is dominated by an
exponential synchrotron cooling cutoff within or near
the near-infrared band. However, the authors note that
this limits the flux densities to a range below 2 mJy.
In order to reach higher flux densities (such as observed
this year), the overall brightness of the synchrotron spec-
trum needs to scale accordingly. Once the emission is
dominated by the synchrotron spectrum, there should
be strong correlation in the fluxes at other wavelengths
(see also, Eckart et al. 2012). This would predict large
flux variations at radio, sub-millimeter, and X-ray wave-
lengths that would be observable and can be directly
used to test this model.
5. CONCLUSIONS
Our recent observations of the Galactic center have
captured Sgr A* in an unprecedented bright state in the
near-infrared. Even more so, three of the four nights
show Sgr A* in a clearly elevated state. The brightest
flux levels observed in 2019 are over twice the peak flux
value ever observed in the near-infrared from Keck and
VLT. The distributions of flux variations from the four
nights are also very unusual compared to the histori-
cal data, showing significant deviations from the model
which was previously able to describe all historical Keck,
VLT, & Spitzer measurements (Witzel et al. 2018; Chen
et al. submitted).
The 2019 measurements push the limits of the cur-
rent statistical models. These models may need to be
revised to gain a better understanding of the probabil-
ity of observing very high flux levels. In addition, the
statistical models for Sgr A* variability should be ex-
panded to provide more robust tests for changes to the
Sgr A* accretion properties over time.
The major question is whether Sgr A* is showing in-
creased levels of activity, and if so, how long it will last.
Additional data, preferably multi-wavelength observa-
tions, throughout 2019 and beyond will be necessary to
study the nature of its current variability.
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